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ABSTRACT 
Ribosomal proteins are indispensable components of a living cell, and yet their structures are remarkably varied by 
species. Here, we use manually curated alignments of ribosome structures to annotate structural variations in 
homologous proteins from bacteria, archaea, eukaryotes and eukaryotic organelles. By resolving numerous 
ambiguities and automated structural and sequence alignment errors, we uncover a whole new class of structural 
variations which reside within seemingly conserved segments of ribosomal proteins. We illustrate that these elusive 
variations reflect an apparent functional specialization of ribosomal proteins to evolve new biological activities, such 
as RNA-binding activity and others. Finally, we show that most of these structural variations reside within non-
globular extensions of ribosomal proteins: highly-charged and poorly folded protein segments that are thought to 
promote ribosome biogenesis by stabilize fold of ribosomal RNA.  
We show that even though these extensions are thought to be the world’s most ancient peptides, they are in fact the 
most rapidly evolving and structurally diverse protein segments. They carry multiple biological activities and their 
structures undergo striking changes in apparent adaption to unique environments and lifestyles of living species.  
Collectively, our work provides a resource to explore the complex biology which underlies structural diversity of 
ribosomal proteins. It illustrates that, despite being long considered as slowly-evolving and highly conserved, 
ribosomal proteins are more complex and more specialized than is traditionally recognized.  
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INTRODUCTION 
Ribosomes are present in every living cell, but their structures are astonishingly distinct in different species. Even 
relatively simple ribosomes from bacterial species, whose molecular weights vary around 2.4 MDa, carry ~0.7 MDa 
of unique RNA and protein moieties which are missing in eukaryotic ribosomes and which restructure every major 
functional center of the ribosome1. The peptidyl-transferase, the peptide exit tunnel, the mRNA channel, the decoding 
site and the binding sites of translation factors and regulatory proteins are all functional centers which carry unique 
structural innovations in the three major domains of life1-3. As we rapidly uncover the structural diversities of 
ribosomes from all branches of life, we are beginning to understand the physiological roles behind species-specific 
variations in ribosome architecture. 
This impressive structural diversity of ribosome composition originates primarily from the high variability of 
ribosomal protein content. To date, more than 200 non-homologous ribosomal proteins have been found, but only 33 
of them are invariantly present in all three domains of life4,5. Furthermore, these 33 proteins vary in size and sequence 
to such an extent that when higher eukaryotes are compared to primitive bacteria, or free-living species to obligate 
intracellular parasites, some of these proteins differ up to five times in length and may have as little as ~30% of 
sequence similarity10-12. 
Our understanding of how and why ribosomal proteins have diverged across species was greatly advanced by 
structural studies. Over the past two decades, ribosome structures have been determined in species from all domains 
of life. This includes: distinct bacteria such as a common laboratory model Escherichia coli13, extreme thermophile 
Thermus thermophilus14-15, a bacterium that exhibits extremely high tolerance to radiation: Deinococcus 
radiodurans16, human pathogens Bacillus subtilis17, Mycobacterium smegmatis18 and Staphylococcus aureus19,20; 
numerous eukaryotes, such as human Homo sapiens25, wild boar Sus scrofa26, rabbit Oryctolagus cuniculus27, fruit fly 
Drosophila melanogaster25, yeasts Saccharomyces cerevisiae26 and Kluyveromyces lactis27; unicellular 
parasites Plasmodium falciparum28, Trypanosoma brucei29 and Trypanosoma cruzi30; an exotic ciliate Tetrahymena 
thermophila31, and plant Triticum aestivum32; and distinct classes of archaea, including a halophilic red Archaeon 
Haloarcula marismortiu21 and hyperthermophiles Pyrococcus furiosus22, Methanococcus 
jannaschii23 and Methanothermobacter thermautotrophicus24. Also, several structures were determined for ribosomes 
from eukaryotic organelles, such as mitochondria from human (Homo sapiens)33, cow (Bos taurus)34, wild boar (Sus 
scrofa)35, yeast (Saccharomyces cerevisiae)36, and chloroplasts from spinach (Spinacia oleracea)37-39. These studies 
gave us a unique opportunity to visualize variations in the ribosome structure and therefore suggest their biological 
roles. 
However, despite the abundance of structural data, comparing ribosomes from different species remains laborious. 
Because ribosomes are structurally complex and flexible in conformation, structural alignments of homologous 
ribosomal proteins are difficult to automate, especially for protein segments that lack a well-defined secondary 
structure and have poorly-conserved protein sequences26. Therefore, it is not surprising that current studies which 
require comparison of ribosomes from different species rely primarily on the traditional use of multiple sequence 
alignments or use a very limited number of proteins and species to determine amino acid correspondence in 
homologous proteins and to define protein segments which are conserved and structurally unique.  
We have previously showed that current tools of automated comparison of protein structures underestimate the 
structural diversity of ribosomal proteins. Comparing structures of bacterial and eukaryotic ribosomes, we found that 
neither multiple sequence alignments nor automated structural alignments could comprehensively locate bacteria-
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specific or eukaryote-specific features in most ribosomal proteins. We found that many protein segments that were 
previously assigned as conserved, based on sequence alignments, have dissimilar structures and differing contacts 
within the ribosome structure in different species. Furthermore, we showed that some of these structural variations 
reflect a key evolutionary innovation: development of nuclear localization signals in ribosomal proteins that are 
required for ribosome biogenesis in eukaryotic cells. Previous studies have shown that many structural variations of 
ribosomal proteins across species reflect adaptive changes that allow ribosomes to act or assemble in unique ways, 
highlighting the need to study structural diversity of homologous ribosomal proteins.  
Here, we complete our analysis and provide a comprehensive annotation of unique features of secondary and tertiary 
structures in 33 conserved ribosomal proteins from eukaryotes, bacteria, archaea and eukaryotic mitochondria. By 
doing so, we uncover a new class of structural variations that are systematically omitted by commonly used tools of 
multiple sequence alignments and automated structural alignments. We then illustrate that these local variations in the 
ribosome structure appear to reflect functional specialization of ribosomal proteins across the three domains of life, 
ultimately suggesting that these unique protein features might be potentially useful as species-specific therapeutic 
targets.  
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RESULTS 
Manually curated comparison of ribosomal proteins across the three domains of life. To compare homologous 
ribosomal proteins, we used ribosome structures from bacteria E. coli, T. thermophilus, D. radiodurans, B. 
subtilis, and S. aureus; archaea H. marismortiu and P. furiosus; and eukaryotes H. sapiens, D. melanogaster, S. 
cerevisiae, P. falciparum, T. brucei, T. cruzi, T. thermophila, and T. aestivum (Table S1). In our approach, we aimed 
to describe variations of secondary and tertiary structures of ribosomal proteins and deliberately omitted sequence 
variations. Because sequences evolve faster than the structure, we thought this approach would better locate the most 
prominent variations in protein structures which are more likely to reflect functional evolution of ribosomal proteins40. 
During the analysis, we excluded protein segments that are poorly resolved in electron density maps of 
crystallographic or electron-microscopy data to avoid coordinate mistakes and refinement artifacts (see Materials 
and Methods). We also used local structural alignments for proteins which reside in flexible parts of the ribosome, 
such as the central protuberance and the stalks of the large subunit, rRNA helix h16 and the head-to-body junction in 
the small subunit, the inter-subunit bridges and a few protein segments at the ribosome periphery. Because 
homologous ribosomal proteins show relatively minor structural differences in species from one domain of life, we 
used one reference structure per each domain of life to illustrate major changes in homologous proteins from different 
domains of life. These reference ribosome structures were from bacteria E. coli, archaea P. furiosis, and eukaryote H. 
sapiens. In a few cases, we also used ribosome structures from other species to compensate incomplete reference 
models, or exemplify variations in protein structures within single domains of life (Fig. S1, Materials and methods). 
Having compared secondary and tertiary structures of E. coli, P. furiosis and H. sapiens ribosomal proteins, we then 
corrected sequence alignments and used them to estimate variability of ribosomal proteins in other bacterial, archaeal 
and eukaryotic species (Fig. 1). By doing so, we have annotated conserved and variable segments in every one of the 
33 universally abundant ribosomal proteins across the three domains of life (Fig. 1, Fig. S1).  
Our analysis shows that the conserved ribosomal proteins comprise a large number of variable segments that are 
systematically overlooked by automated sequence and structural alignments. Typically, these variations represent 
local remodeling of protein structure, such as transformations of α-helices into β-strands or transformations of protein 
loops into α-helices or polyproline helices. One striking example of these structural variations is the structure of 
protein uL15. uL15 has a long non-globular N-terminal extension that has long been considered conserved due to its 
largely invariable length (~80 residues), poor secondary structure, and similar position in the ribosome interior in 
different species (Fig. 2b). However, we found that only a short segment of this extension (residues 34-45 in E. coli) 
has invariable structure across species, whereas the other parts have dissimilar idiosyncratic folds in bacterial, 
archaeal and eukaryotic ribosomes (Fig. 2b). Similar variations are present in nearly every ribosomal protein but most 
prominently in uL2, uL10, uL13, uS3 and uS4 (Fig. 2, Fig. S1). In total, we have ~60 seemingly conserved protein 
segments (~600 residues in total) that have variable structures in different domains of life.  
 
We also found that for the largest proteins, their sequence alignments establish a false amino acid correspondence by 
aligning a variable segment in one protein to a conserved segment in its homolog. For instance, protein uL3 has a β-
strand comprising residues 78GEWEFR83 in E. coli and 179HLMEIQ184 in H. sapiens. Although this β-strand is 
structurally conserved across all three domains of life, in the sequence alignment, the corresponding sequences are 
aligned to eukaryote- and bacteria-specific protein segments respectively, instead of being aligned to each other (Fig. 
S3a). Similarly, uS4 has a conserved globular domain made of four α-helices and two β-strands, of which only three 
α-helices and one β-strand are aligned to each other between bacterial and eukaryotic homologs (Fig. S3b).  
The examples above illustrate that ribosomal proteins carry an elusive class of structural variations that evade 
detection by commonly used methods of automated structural and sequence alignments. These local variations of 
protein structures create a great diversity among homologous ribosomal proteins from different domains of life. Could 
it be that some of these variations reflect emergence of new biological activities?   
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Structural diversity of conserved ribosomal proteins between the three domains of life. Our analysis shows that 
the structurally invariable core of ribosomal proteins comprises ~3,000 amino acid residues. In bacteria, ribosomal 
proteins carry ~2200 additional residues which are found either exclusively in bacteria or in bacteria and eukaryotic 
mitochondria; archaeal proteins carry ~2,700 residues found only in archaea or in archaea and eukaryotes; and 
eukaryotes carry ~3,800 eukaryote- or eukaryote/archaea-specific residues (Fig. 1). These numbers illustrate that 
conserved ribosomal proteins have highly diversified structures and carry many appended segments in the three 
domains of life. Even relatively simple bacterial species carry nearly as many residues within unique structural protein 
features as they carry in the conserved core, suggesting a high degree of functional specialization of ribosomal 
proteins in each domain of life (Fig. 1). 
These unique structural elements represent protein segments, whose lengths vary from a few to a few tens of residues 
and which are typically exposed on a protein’s surface. These segments are so abundant, that nearly every of the 33 
conserved proteins carries at least one variable segment in each domain of life (Fig. S1). The largest ribosomal 
proteins, such as uL2, uL3 or uL4, harbor more than ten segments that have dissimilar structure or occurrence in 
bacteria, archaea and eukaryotes (Fig. S1). The only proteins that lack variable features are bacterial proteins uS13 
and uS14 – their structure overlaps with the structurally invariable core, although archaeal and eukaryotic homologs 
of these proteins develop appended protein segments (Fig. S1).  
 
Structural variations in ribosomal proteins have one similarity. Most frequently, they are found in non-globular 
protein extensions, whereas invariable segments typically form protein globules. For instance, the invariable structure 
of protein uS14 is represented by its miniature globular domain, a 15-amino acid-long zinc finger, whereas the 
variable parts are represented by largely unstructured N- and C-terminal extensions, which have different folds in 
bacteria and eukaryotes and whose total length can reach 100 amino acids (Fig. S2). Similarly, variations in the 
protein extensions can be found in two thirds of the 33 conserved ribosomal proteins (Fig. S1). It is worth mentioning, 
that some of the non-globular extensions have invariable structures across the three domains of life. These extensions 
are found in the largest ribosomal proteins, such as uL2, uL3, uL4, uS13, and uS19, where they stabilize conserved 
multiple-way rRNA junctions or mediate critical contacts between ribosomes and their ligands. However, even these 
proteins develop additional non-globular extensions in archaeal and eukaryotic species. Thus, ribosomal proteins 
typically evolve in such a way that their globular domains remain structurally invariable, but the non-globular 
extensions change their size and tertiary structure across three domains of life. 
We couldn’t avoid mentioning, at least briefly, that some local structural variations of ribosomal proteins reflect their 
apparent functional specialization. For instance, the previously N-terminal extension of protein uL15 stabilizes the 
universally conserved helical junction H26-H27-H32-H36 within 23S/28S rRNA, in all three domains of life. In 
eukaryotes, this extension acquires an additional biological activity by serving as a nuclear localization signal that 
directs ribosomal protein delivery to the nucleolus, the site of eukaryotic ribosome biogenesis. Our structural 
alignments show that the emergence of the nuclear localization signal is accompanied with local transformations of 
the secondary structure in which a segment of this extensions transforms from being devoid of secondary structure in 
bacteria, to partly folded as α-helices in archaeal species, to fully α-helical protein segment in eukaryotes (Fig. 2a).  
Another notable example of apparent functional innovations through local change of protein structure is present in 
proteins uL2 and uL13. As the ribosomes grow upon transition from bacteria to eukaryotes, these ribosome-exposed 
proteins in bacterial ribosome are getting buried in the ribosome interior under a layer of additional, eukaryote-
specific rRNA expansions (Fig. 3a). Our analysis shows that upon transition from prokaryotes to eukaryotes both uL2 
and uL13 transform their surface-exposed loops (in bacteria and archaea) into short α- helices or polyproline helices 
(in eukaryotes) to evolve additional RNA binding sites. They thereby stabilize interactions between the ribosomal 
core and eukaryotic rRNA expansions (Fig. 3b).  
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These examples illustrate that at least some of the local structural changes might reflect an invention of new biological 
activities that adapt ribosomal proteins to new requirements of ribosome and cell architecture.   
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Structural variations in ribosomal proteins within one domain of life. While preparing the catalog of structural 
variations in homologous ribosomal proteins, we were aware that the reference models of E. coli, P. furiosis and H. 
sapiens ribosomes did not reflect the full complexity of the structural variations, because some ribosomal proteins 
have diverse structures within one domain of life. Therefore, to show limitations of our catalog, we sought to provide 
examples illustrating the scope of structural variations of ribosomal proteins within a single domain of life.  
Overall, ribosomal proteins have highly conserved size and sequence in species from a single domain of life23-25. For 
instance, in humans (H. sapiens compared to yeast S. cerevisiae), only 6 proteins have additional extensions and one 
protein (uS5) has a deletion, whereas the remaining 74 out of 81 ribosomal proteins have nearly invariant length, 
identical secondary and tertiary structures, and the average sequence similarity exceeding 85% (Fig. S2). However, in 
each domain of life there are distant lineages of species in which ribosomes lose or acquire unique protein features in 
nearly every second protein, as we show below.  
One powerful cause of interspecies diversity are extreme environments, such as heat, frost, pressure, high salt and 
acidity. All of these factors were shown to trigger massive adaptive changes in proteins sequence and structure26-30. To 
illustrate an apparent effect of extreme environments on ribosomal proteins, we compared ribosomal proteins from 
mesophilic bacteria (thriving at 37°C) to those in thermophiles (50-64°C) and extreme thermophiles (65-72°C). For 
this purpose, we first analyzed ribosome structures from E. coli (optimal growth at 37°C) and T. thermophilus 
(optimal growth at 72°C), and then used sequence alignments and homology modeling to explore ribosomal proteins 
in species that thrive at moderately high temperatures, such as Chlorobium tepidum (47°C), Simbiobacterium 
thermophilium (55°C) and Thermosipho melasiensis (60°C) and other commonly studied thermophilic bacteria (Fig. 
4, Table S2). We found that among 54 ribosomal proteins that are commonly present in bacterial species, 10 proteins 
acquire additional non-globular extensions and elongated loops. One protein, bL25 acquires an additional globular 
domain, and an additional ribosomal protein, Thx, appears in species that live at extremely high temperatures, such as 
T. thermophilus, T. aquaticus or S. thermophilium (Fig. S3). The position of these thermo-specific protein features in 
T. thermophilus ribosomes indicate that they reinforce rRNA-protein interactions within the ribosome or stabilize 
ribosome contacts with the ligands. Most remarkably, size of some thermophile-specific extensions correlates with 
optimal growth temperature, as though these extensions would serve as built-in molecular thermometer in the 
ribosome structure (Fig. 4, Fig. S4). For instance, protein uS17 has a thermophile-specific α-helix that provides 
additional stabilization to RNA folds in a highly conserved three-way helical junction h12-h13-h8 in the “head” 
domain of 16S rRNA (Fig. 4a). In thermophiles, this α-helix expands from ~13 residues in bacteria thriving at 55°C, 
to ~16 residues in bacteria thriving at 60°C, to 20 residues in bacteria thriving at 72°C (Fig. 4a). Similarly, gradual 
elongation of protein loops and extensions were found in proteins uS3, uS5 and uS8 (Fig. S4b, Table S2).  
Another common cause of interspecies diversity is specific lifestyle, such as obligate intracellular parasitism or 
symbiosis. These lifestyles imply that a symbiont or a parasite can proliferate exclusively inside a living cell of a host. 
Both intracellular parasites and symbionts have two major trends of evolutionary changes that render their genomes. 
First, they evolve new strategies of invasion and survival within the host cell, for which they acquire additional genes 
of virulence and appended domains in proteins and nucleic acids1-2. Second, genomes of host-restricted organisms 
undergo continuous erosion and accumulation of deleterious mutations and deletions due to decreased stringency of 
natural selection within the host cell, a phenomenon known as Muller’s ratchet3-4. To illustrate an apparent effect of 
these lifestyles on the structure of ribosomal proteins, we explored ribosomal protein sequences in a variety of 
parasites, ranging from surface parasites to obligate intracellular parasites, and in symbiotic bacteria, ranging from 
recently host-restricted symbionts to long-term symbionts with extremely reduced genomes (Fig. 5). We found that 
upon transition from free-living to host-restricted species, ribosomal proteins accumulate numerous deletions and 
insertions, where size and number are progressively increasing with the overall reduction in genome size (Fig. 5). In 
the most extreme cases of genome reduction, we found that half the proteins carry deletions and about one third carry 
parasite-specific insertions, as exemplified by ribosomal proteins of the small ribosomal subunit (Fig. 5). 
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Another notable example of reductive evolution of ribosomal proteins in parasitic species is eS6 – a protein that 
serves as a build-in nutrient sensor in the eukaryotic ribosome. eS6 carries conserved serine residues (Ser232 and Ser233 
in S. cerevisiae) that are phosphorylated upon nutrient supplementation to adjust the overall rates of protein synthesis. 
Comparing the sequences of eS6 from different eukaryotes, we found that in free-living species the phosphorylation 
sites are preserved from yeast to humans, whereas in parasites they are either mutated to the whole C-terminal is fully 
degenerated, suggesting that parasites are unable to sense and adapt to nutrient availability via the eS6-dependent 
mechanism (Fig. 6).  
The examples above, illustrate that even within a single domain of life species keep diversifying their ribosomes by 
degrading or evolving new protein features. Hence, there possibly is a whole universe of unexplored ribosome 
features that reflect unique functional specialization of protein synthesis machinery.  
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DISCUSSION 
 
The explosive accumulation of ribosome structures over the past two decades has brought a new perspective on 
several fundamental aspects of ribosome activity: the ribosome as a target for antibiotics, its evolution and its 
industrial use as a robust polymerase to produce artificial materials. This massive increase in structural data made it 
necessary to reassess our understanding of ribosome diversity across species in order to understand how the structural 
changes adapt ribosomes to specific requirements of the environment and cell physiology.  
 
Here, we have classified structural variations in conserved ribosomal proteins across three domains of life. We 
showed that current automated tools of structural analysis systematically underestimate diversity of ribosomal 
proteins, primarily due to an inability to deal with poor sequence conservation and lack of secondary structure of the 
non-globular protein extensions. By resolving these limitations through manually curated structural alignments of 
homologous ribosomal proteins, we uncovered a new class of local structural variations that appear to adapt ribosomal 
proteins to the specific requirements of its environment, ribosome composition and cell architecture.  
This work provides a resource to help explore physiological roles of structural variations in ribosomal proteins and 
builds more accurate homology models for experimental and computational studies of ribosomes from different 
species. It will contribute to three major directions of ribosome biology.  
First, ribosomal proteins are essential players of protein synthesis, and their diversity could potentially uncover 
unknown species-specific strategies of protein synthesis or ribosome biogenesis. Specifically, our work could help 
uncover a complex biology of non-globular extensions of ribosomal proteins. These unusual proteins features are 
present in 24 of 33 conserved ribosomal proteins in bacteria and in 30 conserved proteins in eukaryotes1-5. They are 
though to govern rRNA folding during ribosome biogenesis and stabilize rRNA fold through extensive rRNA-protein 
contacts in the ribosome interior6,7. Some of the extensions, like those of uL3, uL22, uS7, uS12, form the inner walls 
of ribosomal active sites, and their mutations and natural sequence variants confer resistance to numerous drugs, such 
as linezolid, tiamulin or valnemulin, and anisomycin due to mutations in uL38; oxazolidinones, macrolides and 
chloramphenicol due to deletions in uL410; erythromycin due to deletions in uL229; or emetine due to mutations in 
uS11. Some other extensions might control the rate and accuracy of protein synthesis by directly contacting ribosomal 
ligands, such as tRNAs (uS13, uS19 and uL5), mRNA (uS2, uS3, bacterial uS4, uS7 and uS11) and nascent peptides 
(uL4 and uL22) 11-13. In eukaryotes, the extensions also accommodate nuclear localization signals and binding sites for 
eukaryote-specific chaperones that govern safe delivery of highly positively charged ribosomal proteins to the 
nucleolus of eukaryotic cells14-16. Finally, several protein extensions carry extra-ribosomal activities, such as 
extensions of uL5 and uL18 that inhibit oncoprotein H/Mdm2 to control programmed cell death17,18, or the extension 
of uL13 that controls translation of inflammatory mRNAs during immune response19. Given this broad range of 
biological activities, exploring structural variations of ribosomal proteins will help us to better understand species-
specific strategies of ribosome biogenesis and activity that may eventually allow targeting essential ribosome activity 
in a species-specific manner. 
Second, ribosomal proteins comprise a rare group of ubiquitous cell components that are used as universally abundant 
markers of biodiversity and evolution. Indeed, ribosomal proteins are absolutely indispensable for life and together 
with 15 aminoacyl-tRNA synthetases, 6 translation factors, 2 enzymes involved in RNA and protein modification and 
5 core subunits of RNA and DNA polymerases, they comprise a small group of as few as ~60 proteins that are present 
in every organism with known genome sequence; this is without a single exception17,18. It is therefore, not surprising 
that when species face new challenges of environment or metabolism and cell architecture, ribosomal proteins should 
inevitably adapt to these changes since they cannot be functionally replaced or reinvented. Hence, it is probable that 
variations in sequence and structure of ribosomal proteins represent complex records of adaptive changes that we can 
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use to uncover a complex biology of these essential proteins in every single species. Our finding that high 
temperatures or host-restricted lifestyles appear to induce gradual change in protein structures is empowering, because 
it suggests that – through genome sequencing and homology modeling – we may predict optimal growth conditions, 
lifestyles, cellular architecture and possibly many other properties of poorly studied, uncultured or extinct species. 
Third, because of their ubiquity and relatively slow rate of evolution, ribosomal proteins serve as ones of the most 
reliable markers of the early evolutionary events that resulted in the origin of life from inorganic matter. Indeed, 
ribosomes are thought to be the most ancient enzymes that have survived ~3.5 billion years of evolution. Therefore, 
knowledge of their diversity might help revise current dogmas of origin of life. The extensions of ribosomal proteins 
are thought to represent ancient peptides, perhaps the first primitive proteins to be produced by the ancient protein 
synthesis machinery. Indeed, because the extensions are generally devoid of secondary structure, they have a 
simplified amino acid composition and interact with the most conserved segments of ribosomal RNA. It is appealing 
to think that these protein features have ancient origin. Although our data do not disprove this elegant view, they show 
that the extensions are rapidly evolving and represent the most innovative features of ribosomal proteins. Not only 
might their structure be totally dissimilar in different domains of life, but also it varies within one domain of life in an 
apparent adaptation to specific environments and life-styles. Furthermore, many innovative activities of the protein 
extensions, such as those of the nuclear localization signals or rRNA-expansion-binding domains, have likely co-
emerged with the origin of eukaryotic cells and rRNA expansions (~1.5 billion years ago), which is at least ~2 billion 
years later than pioneering bacterial species. Therefore, although protein extensions might reflect nature’s first 
endeavors to produce polypeptides, they also fulfill rich biology of modern days and represent highly innovative 
features whose structure is sensitive to environments and life-styles rather than being rudimentary fossils buried in the 
ribosome interior.  
Our work summarizes an unexplored diversity of conserved ribosomal proteins and provides a resource to help 
elucidate its physiological roles in the three domains of life. Like Darwin who observed how animal bodies changed 
their shapes to adapt to new environments, we can now see how similar changes are occurring at a scale ~10,000,000 
times smaller, in the individual molecules that inhabit every living cell on our planet. Knowledge of structural 
variations in these ubiquitous molecules will help better understand the rules behind species-specific adaptations of 
cellular molecules and will bring us closer to resolving the enigma of the origin and early evolution of life on Earth.  
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Figure 1 | Homologous ribosomal proteins have highly diversified structure across the three domains of life. 
The diagram provides an overview of structural variability in 33 conserved proteins from 45 different species in the 
three domains of life. Each bar indicates the total number of amino acids in the 33 proteins in each species. The bars 
are colored to show the number of residues that form either the structurally invariant core (pale red) or the variable 
protein segments (darker red). As the diagram shows, conserved ribosomal proteins carry nearly as many residues in 
structurally conserved protein segments as they carry in protein segments with distinct structure in different domains 
of life. Therefore, suggesting a high degree of functional specialization of ribosomal proteins across the three domains 
of life.  
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Figure 2 | Homologous ribosomal proteins have largely conserved globular domains but exceptionally 
divergent non-globular extensions. Aligned structures of homologous ribosomal proteins are shown as they appear 
in bacterial, mitochondrial, archaeal, and eukaryotic ribosomes (pdb ids 4y4b, 3j9m, 4v4n and 4v6x, respectively). 
Proteins are colored according to structural conservation: segments that are present in all four protein homologs are 
shown in grey; protein segments that are found exclusively in one of the four homologs are shown in blue; protein 
segments that are present only in bacterial and mitochondrial proteins (labeled as BM) or only in archaeal and 
eukaryotic proteins are shown in yellow (labeled as AE). The segments are labeled with “B”, “M”, “A” and “E” to 
indicate that a protein segment is found only in bacterial, mitochondrial, archaeal and eukaryotic proteins, 
respectively; the segments are numbered as they appear in each protein from its N- to the C-terminus. The panel 
illustrates that, despite homologous ribosomal proteins having comparable size across species, many segments in 
these proteins have dissimilar secondary and tertiary structure in different domains of life.  
 
Structure and evolution of r-proteins Manuscript  P a g e  | 14 of 17 
 
Figure 3 | Variations in protein globules in an apparent adaptation to rRNA expansion. The figure compares 
structures of E. coli and S. cerevisiae ribosomes. It illustrates how transition from prokaryotes to eukaryotes was 
accompanied with the formation of a novel secondary structure in cytosol-exposed ribosomal proteins. (a) Views on 
the large ribosomal subunits illustrate that upon the transition from prokaryotes to eukaryotes, ribosomes have 
markedly increased in size, and ribosomal proteins uL2 and uL13 (in red) that were exposed on the surface of 
prokaryotic ribosome, became buried in the interior of the eukaryotic ribosome. In eukaryotes, uL2 and uL13 are 
associated with eukaryote-specific rRNA expansion segments, ES31 and ES7 (in blue). (b) Close-up views on uL13 
and uL2 show that prokaryote-to-eukaryote transitions were accompanied with secondary structure transformation in 
which surface-exposed protein loops were remodeled into rRNA-binding helices. (c) Sequence of the cytosol-exposed 
loops and rRNA-binding helices shows that both protein segments have a comparable size but dissimilar sequence 
between bacteria and eukaryotes. Overall, the figure illustrates that local variations in protein sequence might indicate 
the emergence of novel functional sites.   
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Figure 4 | Variations in protein structures within one domain of life as an apparent adaptation to extreme 
environments. The figure illustrates structural variations in homologous ribosomal proteins upon transition from 
mesophilic to thermophilic species. The species used for comparison are arranged according to their optimal growth 
temperature. (a) Fragments of E. coli and T. thermophilus ribosome structures and homology models of S. 
thermophilum and T. melanesiensis ribosomes illustrate that, in thermophilic species, ribosomal protein uS17 
develops an additional C-terminal helix (in red). This helix creates a new RNA-protein interface and stabilizes the 
RNA fold in the three-way helical junction in the 16S rRNA. Remarkably, as the optimal growth temperature for a 
given species gets higher, this helix gets progressively longer, and its apparent contacts with rRNA get more extensive 
(highlighted in green). (b) Fragments of E. coli and T. thermophilus ribosome structures and homology models of S. 
thermophilum and T. melanesiensis ribosomes illustrate that, in thermophilic species, ribosomal protein uS8 develops 
an elongated loop. This loop creates a new protein-protein interface (highlighted in green). As in the case of uS17, this 
uS8 loop is getting bigger in species that live at higher temperatures, gradually reinforcing protein-protein contacts 
within the ribosome structure. Collectively, these examples show that structure of some ribosomal proteins appear to 
evolutionary respond to higher temperatures by increasing the size of their non-globular extensions that allows 
ribosomes  that establish new protein-rRNA or protein-protein contacts within the ribosome.  
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Figure 5 | Variations in ribosomal proteins within a single domain of life and specific life-styles. Schematic 
comparison of free-living bacteria as opposed to parasites and symbionts illustrates the relative size of bacterial 
genomes and relative changes in ribosomal proteins of the small ribosomal subunit. 
 
 
Figure 6 | Variations in protein eS6 as an apparent adaptation to specific life-styles. Schematic structures of 
ribosomal protein eS6 illustrate variability of its C-terminal segments between free-living and parasitic species. This 
protein segment (highlighted in green or in red) endows ribosomes with sensitivity to nutrients: it harbors serine 
residues that are being phosphorylated in response to hormones and nutrients which eventually help readjust overall 
activity of protein synthesis in a eukaryotic cell. As the figure shows, in free-living species, phosphorylation sites 
remain conserved and this segment has a comparable length, whereas in parasites, phosphorylation sites are 
degenerated, and sometimes whole C-terminal segments are missing, suggesting the lack of a nutrient sensor within 
parasite ribosomes. Overall, the figure illustrates how structure of a ribosomal protein may reflect a life-style of a 
particular species. 
 
